
JOURNAL OF CLINICAL MICROBIOLOGY, Mar. 2004, p. 1207–1213 Vol. 42, No. 3
0095-1137/04/$08.00�0 DOI: 10.1128/JCM.42.3.1207–1213.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Detection of Orthopoxvirus DNA by Real-Time PCR and
Identification of Variola Virus DNA by Melting Analysis

Andreas Nitsche,* Heinz Ellerbrok, and Georg Pauli
Robert Koch-Institut, Zentrum für Biologische Sicherheit, D-13353 Berlin, Germany

Received 11 July 2003/Returned for modification 24 September 2003/Accepted 1 December 2003

Although variola virus was eradicated by the World Health Organization vaccination program in the 1970s,
the diagnosis of smallpox infection has attracted great interest in the context of a possible deliberate release
of variola virus in bioterrorist attacks. Obviously, fast and reliable diagnostic tools are required to detect
variola virus and to distinguish it from orthopoxviruses that have identical morphological characteristics,
including vaccinia virus. The advent of real-time PCR for the clinical diagnosis of viral infections has
facilitated the detection of minute amounts of viral nucleic acids in a fast, safe, and precise manner, including
the option to quantify and to genotype the target reliably. In this study a complete set of four hybridization
probe-based real-time PCR assays for the specific detection of orthopoxvirus DNA is presented. Melting
analysis following PCR enables the identification of variola virus by the PCR product’s characteristic melting
temperature, permitting the discrimination of variola virus from other orthopoxviruses. In addition, an assay
for the specific amplification of variola virus DNA is presented. All assays can be performed simultaneously in
the same cycler, and results of a PCR run are obtained in less than 1 h. The application of more than one assay
for the same organism significantly contributes to the diagnostic reliability, reducing the risk of false-negative
results due to unknown sequence variations. In conclusion, the assays presented will improve the speed and
reliability of orthopoxvirus diagnostics and variola virus identification.

Smallpox was declared eradicated in 1979 (30), and the last
naturally occurring variola virus infection occurred in 1977 (2).
Orthopoxviruses have recently been discussed as biological
weapons (14, 29). Orthopoxviruses are characterized by large
brick-shaped virus particles, containing a double-stranded
DNA genome of approximately 200,000 bp (20). Among the
characterized orthopoxvirus genomes, the highest sequence
homology of orthopoxvirus species is found in the middle of
the genome, while the terminal sections of the genome can
exhibit considerable variability, probably reflecting differences
in host range, tissue tropism, and virulence (12, 19, 21). While
humans are the only natural host for variola virus, both vac-
cinia virus and cowpox virus have a much broader host spec-
trum, and the natural reservoir for cowpox virus is most likely
the rodent. Although zoonotic infections of humans with mon-
keypox and other orthopoxviruses are known (5, 6, 15, 28),
potential variola virus infections bear by far the most lethal risk
for humans. Therefore, the rapid and sensitive identification of
variola virus and its differentiation from other orthopoxviruses,
such as vaccinia, monkeypox, or cowpox virus, is fundamental
for reliable diagnostics. Electron microscopy is an extremely
fast tool for the differentiation of herpesviruses (e.g., varicella-
zoster virus) and orthopoxviruses. However, differentiation of
the members of the genus Orthopoxvirus (Vaccinia virus, Cow-
pox virus, Camelpox virus, Monkeypox virus, and Ectromelia
virus) and most importantly the unambiguous identification of
variola virus are not possible, and sensitivity is limited (13). In
contrast, due to its extreme sensitivity, PCR has evolved to be
the diagnostic method of choice (18). Unfortunately, conven-

tional PCR methods are time-consuming, require laborious
post-PCR handling, and include a high risk of unwanted car-
ryover contamination by processed PCR product, particularly
when genotyping by restriction fragment length polymorphism
analysis is used for differentiation (17). The implementation of
real-time PCR has addressed these methodological drawbacks.
Recently, the first real-time PCR-based LightCycler assay for
the identification of variola virus was reported (9). The assay
amplifies a part of the hemagglutinin gene, a heterogeneous
gene region frequently used for genotyping different orthopox-
virus species. By subsequent melting analysis of the PCR prod-
uct, variola virus can be distinguished from cowpox virus, mon-
keypox virus, and vaccinia virus in the same reaction mixture.
Unfortunately, due to the appearance of new poxvirus se-
quences in GenBank, these hybridization probes also display
identity to certain cowpox and camelpox virus strains.

However, the consequences of a false-positive or a false-
negative result in smallpox diagnosis caused by unexpected
sequence variation is considerable, and identification of variola
virus should be based on specific detection in several indepen-
dent PCRs.

Therefore, a set of four LightCycler assays was designed,
encompassing different regions of the orthopoxvirus genome
and enabling the specific detection of variola virus DNA, either
by melting analysis subsequent to generic orthopoxvirus DNA
amplification or by specific amplification of variola virus DNA.
The A13L gene was previously shown to display significant
diversity in different species of the genus Orthopoxvirus, per-
mitting clear identification of variola virus. In vaccinia virus the
A13L gene encodes the small membrane protein p8 of the
intracellular mature virus (27). The rpo18 gene and the virus
early transcription factor (VETF) gene were chosen because
they encode highly conserved proteins in orthopoxvirus spe-
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cies. The rpo18 gene product is an 18-kDa subunit of the RNA
polymerase in vaccinia virus (1), and the VETF gene product
is a transcription factor involved in early transcriptional events
(3, 4, 16). We have consciously refrained from using more-
established genes such as crmB or hemagglutinin genes be-
cause these gene sequences were known to vary considerably
among orthopoxviruses and were previously used to assess
phylogenetic relationships among orthopoxvirus species (17).
In contrast, our approach required highly conserved genomic
regions featuring low sequence variability with orthopoxvirus
species-specific nucleotides.

All assays were designed and optimized with regard to sen-
sitivity, specificity, speed, and identical conditions to allow all
PCR assays to be performed under identical reaction condi-
tions in the same run. Therefore, reliable results can be ob-
tained from extracted DNA in a single PCR run in less than
1 h. In addition, for clinical specimens, the PCR assays de-
scribed can be combined with a published varicella-zoster vi-
rus-specific assay for differential diagnosis (10). Because au-
thentic variola virus DNA is not available, artificial variola
virus DNA produced by site-directed mutagenesis of camelpox
virus DNA was used. As demonstrated by comparing DNA
from 12 non-variola virus orthopoxviruses, including ectrome-
lia, camelpox, cowpox, monkeypox, and vaccinia virus, each
individual assay could clearly differentiate between these or-
thopoxviruses and the variola virus DNA.

MATERIALS AND METHODS

PCR templates. Extraction of orthopoxvirus DNA from cell culture superna-
tants was performed with the QIAGEN (Hilden, Germany) DNA kit according
to the manufacturer’s recommendations. Available orthopoxviruses are shown in
Table 1. As calibration standards plasmids containing the respective PCR am-
plicon were cloned (Table 1) using the TOPO TA cloning kit (Invitrogen, Breda,
The Netherlands) as described previously (25, 26). Plasmids with variola virus-
specific sequences were generated by site-directed mutagenesis of closely related
orthopoxvirus sequences (GenExpress, Berlin, Germany). The plasmid pVar-rpo
was constructed by site-directed mutagenesis of plasmid pCam-rpo at position

110 from T (camelpox virus) to C (variola virus). Plasmid pVar-VETF was
constructed accordingly, by modification of plasmid pCam-VETF at the follow-
ing four positions: 46 (T/C), 134 (g/A), 158 (T/C), and 185 (T/C). The variola
virus-specific A13L plasmid was synthesized as a synthetic gene (GenExpress).
All plasmids pVar-rpo, pVar-VETF, and pVar-A13L were identical to the re-
spective regions of the GenBank entries X69198, X67119, and L22579. Plasmids
were diluted in �-DNA (1 ng/�l; MBI Fermentas, Leon-Roth, Germany) as
carrier DNA.

PCR protocols. All PCRs contained 10 pmol of each primer (TIB Molbiol,
Berlin, Germany), 3 pmol of each hybridization probe (TIB Molbiol), 2 �l of
LightCycler-Fast Start DNA master hybridization probes mix (Roche, Mann-
heim, Germany), 5 mM Mg2�, and 5 �l of template DNA. Cycling conditions
included initial denaturation for 10 min at 95°C, followed by 45 cycles of 10 s at
95°C, 10 s at 55°C, and 10 s at 72°C. Subsequent melting analysis was performed
with 30 s at 95°C, 20 s at 38°C, and heating to 85°C with a ramping rate of 0.2°C/s.
The same conditions can be used for varicella-zoster virus detection as published
previously (10).

Primer and hybridization probe sequences for all orthopoxvirus assays are
given in Table 2.

Sequencing of the PCR products. PCR products were purified using the
QiaQuick PCR purification kit (QIAGEN). Sequencing was performed accord-
ing to the manufacturer’s instructions with the ABI PRISM BigDye terminator
cycle sequencing kit (version 3.0; Applied Biosystems, Foster City, Calif.) and
analyzed using the DNAStar software package (version 5.0).

RESULTS

In total, four different PCR assays covering three different
regions of the orthopoxvirus genome were established.

rpo18 assay. The rpo18 assay was designed as a generic assay
to detect the DNA from all orthopoxviruses with subsequent
specific identification of variola virus by melting analysis. The
variola virus-specific base is the C at position 93772 (referring
to GenBank accession no. X69198) that appears as T in all 10
non-variola virus orthopoxviruses deposited in GenBank so
far. Amplification of 10-fold serial dilutions of a plasmid with
the variola virus-like sequence of rpo18 (pVar-rpo18) revealed
a linear detection range from 106 to 10 copies per reaction
mixture, with an R2 of 0.99 and a PCR efficiency of 99.5%,
indicating a PCR efficiency close to the ideal amplification

TABLE 1. Characteristic Tms of the various PCR products of tested orthopoxviruses

OPV
no. Virus ABBa

Tm (°C) of PCR productb

rpo18 VETF A13L Var A13L CAM

1 Camelpox CP-1 CAM 59 (1) 58 (3) 59 (3)
2 Camelpox CP-19 CAM 59 (1) 58 (3) 59 (3)
3 Cowpox Süd CPX 59 (1) 44 (6) 59 (3)
4 Cowpox Brighton Red CPX BR 59 (1) 49 (5) 59 (3)
5 Cowpox 81/02 CPX 59 (1) 58 (3) 54 (4)
6 Monkeypox AP-1 MPX 59 (1) 49 (5) 54 (4)
7 Monkeypox MP MPX 59 (1) 49 (5) 54 (4)
8 Ectromelia MP-1 ECT 59 (1) 58 (3) —c

9 Ectromelia MP-Nü ECT 59 (1) 58 (3) —
10 Vaccinia VV M1 VV 59 (1) 54 (5) 59 (3)
11 Vaccinia Elstree VV 59 (1) 58 (3) 54 (4)
12 Vaccinia MVA VV 59 (1) 54 (4) 54 (4)

pVar-A13L (77 bp) 65 (0)
pCam-A13L (83 bp) 59 (3)
pVar-rpo18 (205 bp) 63 (0)
pCam-rpo18 (205 bp) 59 (1)
pVar-VETF (230 bp) 63 (0)
pCam-VETF (230 bp) 58 (3)

a ABB, abbreviations used in the figures.
b The number of mismatches in the binding region of the hybridization probes is given in parentheses.
c —, no Tm determined (�10 mismatches).
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factor of 2 per PCR cycle (Fig. 1). Similar results were ob-
tained when rpo18 sequences from camelpox virus (pCam-
rpo18), as a representative of non-variola virus sequences,
were used. However, when amplified products were subjected
to melting analysis, variola and camelpox virus sequences were
clearly distinguishable, with characteristic melting tempera-
tures (Tms) of 63°C for variola virus and 59°C for camelpox
virus. Even mixtures of 10 pCam-rpo18 plasmids and 10 pVar-
rpo18 plasmids could be detected and typed correctly (data not
shown). When the ratio of pCam-rpo18 to pVar-rpo18 ex-
ceeded a factor of 5 to 10, representing 10 to 20% of variola
virus DNA in non-variola virus orthopoxvirus DNA, the vari-
ola virus-specific peak was reduced in height and no longer
clearly detectable. The same effect was visible for contrary
proportions.

When analyzing DNA from the 12 different orthopoxvirus
strains listed in Table 1, all orthopoxviruses exclusively showed
the non-variola virus-specific Tm of 59°C (Fig. 2, peak B),

whereas the plasmid pVar-rpo18 could be clearly identified by
a Tm of 63°C (Fig. 2, peak A), suggesting that the rpo18 assay
allows one to clearly distinguish variola virus from all other
orthopoxviruses.

VETF assay. The VETF assay was designed to amplify DNA
of all orthopoxviruses, including variola virus. Identification of
variola virus was based on two specific nucleotides at position
91710 (A in variola virus, G in nonvariola virus), covered by the
FL sensor probe, and in position 91734 (C in variola virus, T in
nonvariola virus), covered by the LC anchor probe (accession
no. X69198). Assay characteristics as deduced from 10-fold
serial dilutions of plasmid pVar-VETF were as shown in Fig. 1,
indicating a PCR efficiency of 93%. When comparing the va-
riola virus-resembling plasmid pVar-VETF to the panel of
non-variola virus orthopoxvirus DNA samples in melting anal-
yses, the variola virus-resembling plasmid pVar-VETF showed
the highest Tm (63°C) due to the perfect match of both the FL
sensor probe and the LC anchor probe (Fig. 3a, peak A). All
other orthopoxvirus DNA samples displayed lower Tms, and
according to the number of mismatches in the probe regions
they fell into four separate peaks: B, C, D, and E. The two
ectromelia virus strains MP-1 (orthopoxvirus [OPV] 8) and
MP-Nü (OPV 9) as well as the two camelpox virus strains CP-1
(OPV 1) and CP-19 (OPV 2) had a characteristic Tm of 58°C
(peak B), pointing out mismatches in the binding regions of the
two hybridization probes. Sequencing of the respective ampli-
cons proved the presence of three mismatches covered by the
hybridization probes. Interestingly, cowpox virus strain 81/02
(OPV 5) and vaccinia virus strain Elstree (OPV 11) also ap-
peared in peak B, and sequencing of the amplicons also re-
vealed three mismatches covered by the hybridization probes.
Two other vaccinia virus strains, VVM1 (OPV 10) and MVA
(OPV 12), displayed a melting peak at �54°C (peak C) and
revealed four and five mismatches, respectively, for the se-
quence stretch covered by the hybridization probes. At 50°C,
melting peak D represented monkeypox virus (OPV 6 and 7)
and the cowpox virus strain Brighton Red (OPV 4), corre-
sponding to five mismatches. Finally, cowpox virus strain Süd
(OPV 3) had a distinct melting peak of 44°C that could be
attributed to six mismatches in the hybridization probe-binding

FIG. 1. Calibration curves of the four LightCycler assays. PCRs for
each individual assay were carried out with serial 10-fold dilutions of
the corresponding quantified plasmid. CT values were plotted against
initial plasmid copy number (copy #). The correlation of CT value and
plasmid copy number is shown in the box.

TABLE 2. Primers and hybridization probes used for orthopoxvirus detection

Oligonucleotide name Sequencea X69198 Tm
b (°C)

rpo OPV F1 CTgTAgTTATAAACgTTCCgTgTg S 93663-93686 54.9
rpo OPV R1 TTATCATACgCATTACCATTTCgA A 93867-93844 55.4
rpo Var302 Sen AgATTAAATCTCCgCATTgAATAgTTAC X A 93785-93758 56.5
rpo Var302 Anc L-TTTgATTCATCTTCgATgTTTAATgTTCCTCT p A 93756-93725 62.6

VETF OPV F1 ACCAACTATATTACCTCATCAgTTAgC S 91577-91603 54.1
VETF OPV R1 TTAAACAAgTTCATAgCTACACCCA A 91807-91783 55.6
VETF Var181 Sen CgCCTTgATAgCTTCCAgATTTAA X S 91703-91726 58.3
VETF Var181 Anc L-AAggTTCACATTCTAgTgCCgAACATTAAC p S 91728-91757 63.6

A13L Var F TgTTTCTggAggAggCAAg S 114285-114303 55.3
A13L OPV F TgTTTCTgAAggAggCgAA S 126481-126499c 55.2
A13L FL CggACTTggATTTTgTgAgTTCTTgAT X S 114312-114338 62.2
A13L R iLC TCCTATACgCgATgTATAATAAgA T L CA A 114361-114335 54.6

a Boldface type indicates variola virus-specific position. Lowercase letters are for typographical clarity. Abbreviations: X, fluorescein; L, LC Red640; p, 3� phosphate
to prevent extension.

b Tm was calculated by the nearest-neighbor method.
c AF438165.1.

VOL. 42, 2004 VARIOLA VIRUS DETECTION BY LightCycler REAL-TIME PCR 1209



region (peak E). A sequence alignment including all the vari-
ations confirmed by sequencing is shown in Fig. 3b. Despite the
higher number of mismatches, the two monkeypox virus strains
(OPV 6 and 7), the cowpox virus strain Brighton Red (OPV 4,
peak D), and the cowpox virus strain Süd (OPV 3, peak E)
could still be detected in the melting analysis, but due to the
reduced bond strength, reflected by Tms of 50 and 44°C, re-
spectively, the amplification could not be visualized during
PCR with an annealing temperature of 55°C.

A13L assay. The A13L assay was performed either as a
non-variola virus orthopoxvirus-specific assay using primer
A13L OPV F, which detects various orthopoxviruses except
variola virus, or as a variola virus-specific assay applying primer
A13L Var F (Table 2). Both assays used the LC Red640 in-
ternally labeled reverse primer and the fluorescein-labeled hy-
bridization probe. The fluorescein-labeled probe was designed
to match the variola virus sequence, while the other 22 or-
thopoxvirus A13L sequences found in public databases showed
a 6-bp deletion. Again, amplification of serial dilutions of a
plasmid containing the variola virus-like A13L sequence re-
vealed a linear correlation (R2) of 0.99 between the threshold
cycle (CT) value and copy number, and PCR efficiency was
93%. Nearly identical results were obtained for the non-variola
virus orthopoxvirus-specific assay when a camelpox virus-spe-
cific plasmid (pCam-A13L) was used as the target (Fig. 1). The
A13L CAM assay was unable to amplify plasmid pVar-A13L,
but all of the orthopoxviruses tested were amplified, except
ectromelia virus, which has a large deletion in this region,
preventing amplification with the primers used. In contrast, the
A13L VAR assay detected exclusively plasmid pVar-A13L and
none of the orthopoxviruses listed above. Melting analysis of
the PCR products obtained from amplification of plasmid
pVar-A13L with the A13L VAR assay and in parallel from

amplification products of 12 orthopoxvirus DNAs with the
A13L CAM assay allowed a clear identification of variola virus
DNA (Fig. 4). As expected, plasmid pVar-A13L displayed the
highest Tm of 65°C (peak A), indicating perfect matching hy-
bridization probes. All other orthopoxviruses showed lower
Tms and were divided into two groups, with either a Tm of 59°C
(peak B) for camelpox (OPV 1 and 2), cowpox (OPV 3 and 4),
and vaccinia VV M1 (OPV 10) virus or a Tm of 54°C (peak C)
for monkeypox virus (OPV 6 and 7), vaccinia virus strains
Elstree and MVA (OPV 11 and 12), and cowpox virus 81/02
(OPV 5). As expected, ectromelia virus DNA (OPV 8 and 9)
showed no signal in amplification or melting analysis (Table 1).

To test the applicability of the described assays, we applied
them to clinical samples of a poxvirus outbreak in a colony of
New World monkeys in a German private zoo (22). DNA from
several monkeys was prepared from bronchoalveolar fluid, se-
rum, liver, spleen, lymph nodes, skin, labium, and whole blood
and subjected to PCR. No amplification was obtained with the
A13L Var assay, ruling out variola virus. In contrast specific
amplification was obtained with the A13L OPV assay. Further-
more, the rpo18 assay and the VETF assay gave positive results
for the amplification and with melting curves characteristic for
non-variola virus orthopoxvirus (59°C for rpo18 and 44°C for
VETF), supporting the argument for the absence of variola
virus. At the same time these results confirmed the presence of
a non-variola virus orthopoxvirus in these samples. The origin
of this orthopoxvirus is currently under investigation.

Specificity and precision of the assays. None of the pre-
sented assays led to amplification products or fluorescence
signals with human or mouse genomic DNA (data not shown).
The overall variability of the assays as determined by repeated
amplification of the respective plasmids was below 30%. Inter-
assay Tm variation was in the range of �0.5°C but always

FIG. 2. Melting analysis of assay rpo18 of variola virus. Melting curves of amplified DNA from 12 different orthopoxviruses (as listed in Table
1), covering camelpox, cowpox, monkeypox, ectromelia, and vaccinia virus, compared to 50 and 500 copies of the variola virus-resembling plasmid
pVar-rpo18. Only the variola virus-resembling plasmid showed a melting point of 63°C (peak A), attributed to perfectly matching hybridization
probes. Due to mismatches in the hybridization probe-binding region, DNA of all other orthopoxviruses show a decreased Tm of 59°C (peak B).
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identical in the same run for identical samples. None of the
assays showed cross-reactions to human DNA.

DISCUSSION

Due to the successful eradication of naturally occurring va-
riola virus infections by the global World Health Organization
vaccination program in the 1970s (11), molecular detection of
variola virus has not been a priority for more than 20 years.
Although clinical criteria for the diagnosis of variola virus
infections in humans are well described, the identification of
zoonotic orthopoxvirus infections can be difficult. As the mon-
keypox virus infections of humans in the United States and in
the Democratic Republic of Congo have shown, symptoms of
smallpox and monkeypox are closely related in the early stages

of disease (5, 24). In these cases reliable molecular tests were
required to identify the infectious virus in time. With the in-
creasing threat of bioterrorist attacks using weaponized an-
thrax (23), the fear of an attack using variola virus or other
orthopoxviruses has risen (14). Should a suspected bioterrorist
attack occur, fast and reliable differentiation is of the highest
importance, since a diagnosis and risk assessment may have to
be provided in the absence of a clear clinical picture. Conse-
quently, there is an urgent need for rapid, safe, and specific
detection methods to identify variola virus and to differentiate
it from other members of the genus Orthopoxvirus. The evolu-
tion from end-point PCR to real-time PCR has provided new
dimensions regarding speed and sensitivity of PCR detection
(18). Moreover, with this technique an accurate and reproduc-
ible quantification is feasible.

FIG. 3. Melting analysis of the VETF assay. (a) Melting curves of amplified DNA from 12 different orthopoxviruses (as listed in Table 1),
covering camelpox, cowpox, monkeypox, ectromelia, and vaccinia virus, compared to 50 and 500 copies of the variola virus-resembling plasmid
pVar-VETF. Besides the characteristic melting peak for the variola virus-resembling plasmid pVar-VETF at 63°C (peak A), all non-variola virus
orthopoxviruses fall into the four distinct peaks—peaks B, C, D, and E—as described in the text. (b) Alignment of the VETF sequence
corresponding to the two LightCycler hybridization probes VETF Var181 Sen and VETF Var181 Anc. Subsequent to LightCycler PCR, amplicons
were sequenced and aligned with the variola virus-specific sequence. Only nucleotide differences are shown. Identical nucleotides are indicated as
dots. Sequences for the hybridization probes are boxed.
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In order to improve variola virus diagnostics, we established
a set of four real-time PCR assays, based on the amplification
of three different genomic regions that can either specifically
amplify variola virus DNA or distinguish variola virus from
other orthopoxviruses by melting analysis of the PCR product
following orthopoxvirus-specific PCR. All PCR assays permit
accurate and reproducible quantification of as few as 10 ge-
nome equivalents of poxvirus DNA in less than 1 h. However,
unequivocal identification of variola virus is more important
than quantification in primary diagnostics. In this context, the
use of hybridization probes binding to the amplified DNA
provides a gain of specificity, making positive results more
reliable.

To date, there is one published real-time-based assay for the
detection of variola virus (9). Unfortunately, new poxvirus
GenBank entries appearing recently contain sequence varia-
tion at the previous publication’s oligoprobe hybridization
sites. This variation occurs not only with variola virus but also
with cowpox virus strains and camelpox virus strains. There-
fore, it has to be considered that positive results may demon-
strate variola virus as well as cowpox virus, and a clear differ-
entiation might not be possible. However, as demonstrated for
other infectious agents (8), the targeting of different genomic
regions within the same pathogen enormously improves the
dependability of positive as well as negative results. In or-
thopoxviruses sequence variation is frequently found between
different isolates. If unexpected sequence variation appears in
the primer-binding region, reduced primer binding can lead to
false-negative results. Furthermore, it is obvious that the num-
ber of mismatches covered by both of the hybridization probes
reflects the binding stability of the probes and thus the char-
acteristic Tm for a given pathogen. Unfortunately, the presence
of variola virus DNA containing just one unknown mutation in

the probe-binding region would lead to a reduced Tm and
consequently to a misinterpretation of results, indicating the
presence of a non-variola virus orthopoxvirus. Exceeding a
critical number of mismatches would finally completely elimi-
nate the binding of the hybridization probe, suggesting the
absence of any orthopoxvirus at all. Although the genomic
regions chosen are well conserved among the variola virus
isolates known to date, this risk can be minimized by the use of
more than one independent assay system.

Therefore, we established a set of independent assays. All of
the assays can be run under identical reaction conditions, al-
lowing simultaneous processing and reliable analysis in less
than 1 h after template preparation. The rpo18 assay melting
analysis could distinguish clearly between an artificial variola
virus sequence stretch and 12 different non-variola virus or-
thopoxviruses. The assay design had to be based on only the 14
sequences deposited in GenBank at that time. Practically, the
rpo18 gene was found to be highly conserved among all or-
thopoxviruses we tested.

With the VETF assay, variola virus was clearly distinguish-
able from all other tested orthopoxviruses. While camelpox,
ectromelia, and monkeypox virus strains showed individual
melting peaks, vaccinia and cowpox virus split up into several
peaks. This result is not surprising, because vaccinia virus and
cowpox virus are closely related, exhibit a broad host range,
and appear frequently in adjacent clusters in phylogenetic tree
analyses. Cowpox virus isolates are usually classified according
to the species from which they have been isolated; therefore, a
genuine vaccinia virus isolated from a cow might be classified
as cowpox virus (7). Our results underline the sequence het-
erogeneity of vaccinia and of cowpox viruses. The VETF assay
was designed based on 14 sequences deposited in GenBank.
Since none of the 12 orthopoxviruses investigated showed the

FIG. 4. Melting analysis of the A13L VAR and A13L CAM assays. Shown are melting curves of amplified DNA from 12 different non-variola
virus orthopoxviruses (as listed in Table 1) amplified with assay A13L CAM compared to melting curves of 50 and 500 copies of the artificial variola
virus A13L sequence amplified with the A13L VAR assay. Melting curve analysis shows characteristic peaks for variola virus at 65°C (peak A) and
two additional peaks (peaks B and C) for the non-variola virus orthopoxviruses as described in the text.
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variola virus-specific Tm, it can be assumed that the polymor-
phism used is representative of and conserved among variola
virus strains; however, experiments with further orthopoxvirus
strains are ongoing to prove the assay’s validity.

While rpo18 and the VETF assay were used to identify
variola virus by melting analysis, the A13L assay provided the
possibility to identify variola virus by specific amplification.
This approach is important in cases where mixtures of or-
thopoxviruses have to be analyzed, because melting analyses
are vulnerable to heterogeneous target populations with ratios
of �10:1, although the exact ratio is assay specific. A low-
abundance variant will often be masked by a highly abundant
variant, and false-negative results can be obtained for the rare
target. The specific amplification of variola virus DNA is not
susceptible to mixtures of orthopoxviruses. It could be shown
that amplification occurs exclusively with variola virus se-
quences, and moreover, the variola virus-specific hybridization
probe allowed subsequent melting analysis to verify the results.
Even in the case of a potential non-variola virus-specific am-
plification or due to unknown sequence variation in the prim-
er-binding region of a non-variola virus orthopoxvirus, the
amplified DNA could still be characterized by melting analysis
and variola virus could be excluded. The established primers
and probes for the A13L assay were based on 27 sequences
deposited in GenBank. Sequencing of the 12 orthopoxvirus
amplicons used in this study confirmed mismatches for all
orthopoxviruses in the probe-binding region, reflected by the
decreased Tms (Table 1).

In conclusion, although PCR cannot replace cell culture
experiments to detect infectious virus particles, the use of more
than one diagnostic PCR assay, each directed against a differ-
ent target distributed across the viral genome, is superior to the
use of single assays. As shown for a poxvirus outbreak in New
World monkeys in a German zoo (22), the four assays pre-
sented here provide an extremely rapid, safe, sensitive, and
reliable tool for the detection of orthopoxvirus genomes and
the identification or exclusion of variola virus. Each assay can
be used separately and leads to reliable results, but, with re-
spect to the consequences deriving from a false-positive or
false-negative result in variola virus PCR, we propose using a
set of detection systems for distinct regions of the orthopoxvi-
rus genome for the PCR diagnostics of clinical and especially
environmental samples. The reaction pattern obtained with
different test systems allows us to perform a risk assessment for
the presence or absence of variola virus sequences in a sus-
pected sample, also with respect to genome variation within
the genus Orthopoxvirus. How many independent assays should
be run to confirm or exclude variola virus from a suspected
sample is more a political than a scientific question.
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